Novel liquid crystal-based integrated optical devices with >140GHz electrical tuning are presented. Initial results with Bragg wavelength tuning covering five 25GHz WDM channel spacing have been achieved with 170V (peak-to-peak) sinusoidal voltages applied across electro-patterned ITO-covered glass electrodes placed 60µm apart. These prototype devices were fabricated using direct UV grating writing, with an evanescent field coupling into a liquid crystal overlay through an etched window. Two distinct threshold conditions are observed, manifesting only during the increase of supply voltage and forming a hysteretic tuning curve. The secondary threshold which takes place at higher voltages has never been reported before. We believe these threshold points are related to the formation and bleaching of disclination lines. Geometric and effective index consideration could not explain the similar tuning behaviour displayed by both TE and TM polarised light.
INTRODUCTION
Today's telecommunication market price competition provides a significant motivation for engineers to increase the scalability and span of optical networks while maintaining channel integrity as well as keeping operational expenditures to a minimum. One potential route that has gained a lot of interest in attaining the said criteria is by introducing reconfigurable network elements. Devices on integrated optics platforms such arrayed waveguide gratings and microelectro-mechanical (MEMS) based switches continue to be the subject of intense research of late [1] . In the field of reconfigurable optical add drop multiplexers (ROADMs) for example, a number of frequency/wavelength resonant technologies such as ring resonators, surface relief gratings, and Bragg gratings are utilised, mainly to perform filtering tasks.
Our primary capabilities are in the development of planar Bragg gratings based devices on the silica-on-silicon (SiO 2 :Si) platform via our Direct Grating Writing (DGW) approach [2] . However, use of these devices is not limited to the field of telecommunications only. Instead, we have demonstrated their capabilities as sensing tools, as reported in [3, 4] .
::t 1.55'''"I1 Temperature (CC) To date, very little has been reported on electrically-tunable planar Bragg gratings given the potentially superior response time over their more commonly used temperature-tuned counterparts. Such electrically tunable devices work on the principle of shifting the Bragg wavelength by modifying the effective refractive index of a waveguide in a multilayer substrate, as described by the equation λ B =2Λn eff (where λ B is the Bragg centre wavelength, Λ is the grating period, and n eff is the effective index of the waveguide) [5] . One potential route to achieve this is by overlaying the grating structure with a liquid crystal. Many liquid crystals display refractive index anisotropy due to their molecular structure and orientation that can be manipulated using an electric field. Changes to the liquid crystal index subsequently alter the effective index of the waveguide, leading to Bragg wavelength shift. Using this approach, Sparrow et al [6] have previously described 35GHz electrically tunable planar Bragg gratings in silica-on-silicon at 1560nm using an 80Vpp (peak-to-peak) square wave with 250µm-spaced aluminium electrodes. Theoretical analysis of devices utilizing similar concepts for switching and tunability can be found in [7, 8] for example.
DEVICE ASSEMBLY
The samples used for this experiment were 3-layer SiO 2 :Si with germanium doped core layer to allow for photosensitivity to 244 nm UV radiation. Diced and polished samples were hydrogen loaded under pressure at 120 bars to increase photosensitivity and waveguides and Bragg gratings were defined using DGW. The technique employs an interference pattern generated by crossed UV beams to simultaneously define channel waveguides and grating structures.
After UV writing the overclad layer covering the 2-mm-long Bragg gratings was removed using hydrofluoric acid wet etching. The electrodes were prepared by electro-patterning (electrically scribing) through a piece of single sided Indium Tin Oxide (ITO) coated glass. The spacing between the electrodes is estimated to be ~60 µm and the patterned glass was then cut to match the dimensions of the UV-written sample. Homeotropic alignment of the liquid crystal molecules was achieved by applying a thin layer of surfactant (Merck liquicoat ZLI-3334 0.2% solution in ethanol) in the etched area and on the ITO electrodes and both were then baked at 180 ºC for one hour to ensure good surfactant adhesion.
The ITO electrodes were then attached to the top of the sample using supporting glass spacers to allow sample movement for aligning the etched waveguide with the electrodes. Merck 18523 liquid crystal was then inserted into the etched window under vacuum. This liquid crystal displays estimated extraordinary and ordinary refractive index values of 1.49 (n e ) and 1.44 (n o ) at 1550nm respectively as shown in Fig. 1 (extracted from [9] ). The assembled device is schematically shown in Fig. 2 . Fig. 1 Refractive index of the LC18523 with temperature at λ=1550nm (extracted from ref. [9] ). 
EXPERIMENT
The electrodes were aligned to the waveguide prior to each experimental run by launching a HeNe (λ = 633nm) laser into the waveguide and observing the scattering from the exposed part of the waveguide. This scattering 'footprint' is easily obtained as the top cladding layer of the sample was etched. The electrodes were then carefully aligned to this scattering 'footprint' as shown in Fig. 3(a) . Once optimised overlap is achieved, characterisation of the Bragg shift with voltage is conducted as follows.
Light from an amplified spontaneous emission source (wavelength range between 1520 to 1565nm) was polarised and passed through a polarisation controller and a 3-port circulator. Launching into the waveguide is done via butt-coupling with a polarization maintaining fibre tipped with index matching oil. The reflected signal was assessed using a commercial optical spectrum analyser. A combination of microscope objective, IR camera and TV monitor at the output end of the sample facilitates optimised launch into the guiding slab and channel waveguides. Computer-based software was used to control the voltage level supplied to the device and to obtain various data including the grating spectrum for each voltage level set and the centre wavelength shift with respect to the initial (zero voltage) condition. A Gaussian Levenberg-Marquardt (Lev-Mar) curve fitting function was employed in the control program to determine the peak Bragg wavelength. The experimental arrangement is schematically depicted in Fig. 3(b) . 
RESULTS
Fig . 4 shows the absolute Bragg wavelength shift curve of the device for both TM and TE launched input light. For TM input, the curve exhibits 1.15 nm (141 GHz) Bragg wavelength shift over 170Vpp supply voltage and 0.93 nm (114GHz) shift was recorded for the TE case. Both curves display hysteresis between points A and B. Repeat measurements were conducted over a period of several weeks to validate the hysteretic behaviour. Inset (i) shows a typical tuning curve with increase in voltage whereas inset (ii) shows the curve with decreasing voltage. It was observed in all measurements that the curves for increasing voltage exhibit two distinct points (circled and labelled 1, 2) where the tuning gradient increases significantly. We discovered that for both TM and TE inputs the primary threshold is observed at ∼18±4Vpp supply voltage, whereas the secondary threshold point seems to appear over a wider margin, around 57±10Vpp. A low voltage threshold point is also observed in the decreasing voltage curve (circled and labelled 3).
The exhibited tuning capability of device is able to cover at least five 25GHz spaced wavelength division multiplexed (WDM) channels, demonstrating its potential in practical applications. The use of electrical tuning as opposed to thermal would contribute not only in terms of response time, but would also relax the fabrication complexity of the device. A cascaded architecture of such integrated liquid crystal devices operating at different Bragg wavelengths could pave the way towards true colourless add/drop modules for dynamic dense optical networks.
We initially believed that the low voltage thresholds (points 1 and 3) are the points where the applied electric field is large enough to overcome interactions of liquid crystal molecules with surfaces and elastic forces (in the case of point 1) or the re-appearance of such interactions (point 3). The origin of the secondary threshold is not clear, but our hypothesis was that this is likely due to the multi-domain structure of liquid crystals created in the confined area of the etched window and their interactions with an applied field. Fig. 5 shows that grating spectra measurements at the two threshold points (for the increasing voltage case) have no noticeable difference in terms of grating strength and shape. This further supports the argument that the effect is physical in nature and is related to the liquid crystal overlay behaviour under applied electric field. The insets show the same curves for increasing (arrow pointing upwards) and decreasing (arrow pointing downwards) voltages. In inset (i), the circles numbered 1 and 2 shows the two threshold points at ∼22V and ∼57V respectively. In inset (ii), the low voltage threshold at ~18V is circled and numbered 3. Fig. 5 Grating reflection spectra at the two threshold points for increasing voltage values. The primary threshold for this case is between 22-23Vpp whereas the secondary threshold point is between 46-48Vpp. No noticeable difference in terms of grating reflection spectral shape and strength is observed at these transitions. Lev-Mar theoretical profiles are also shown on two of the graphs. The 'periodic' ripples seen on the spectra are the result of the etalon fringes from the launch.
The overall tuning range of our devices was limited by the effective refractive index of the host channel waveguide and original (no applied voltage) reflection strength of the incorporated Bragg grating. This effect is due to the refractive index of the liquid crystal, which is larger than that of the waveguide and thus causes loss of modal confinement and a weaker grating response while the device is operated at higher voltages (as shown in Fig. 6 ). As such, we believe that by implementing stronger waveguides with a narrower Bragg grating reflection an even larger tuning range will be attainable. In addition, our power supply system is currently limited to 170Vpp before the advent of signal clipping and we also believe that further tuning is achievable with higher voltage levels or by switching to square waves. We subsequently conducted a separate experiment to observe disclination line dynamics in order to confirm our hypothesis regarding the threshold points displayed by the tuning curves. A 'control' sample is constructed comprising of a microscope slide covered with the same electrode structure as the device in Fig. 2 and filled with LC18523. The assembly is then observed through a cross polarised microscope whilst voltage is applied across the electrodes. We observed formation and disappearance of disclinations at specific voltage levels. These correspondences between the voltage levels and disclination dynamics reflect the hysteretic behaviour shown earlier. The exact threshold point or voltage level is dependant on the assembled structure and the existence of contaminants along the waveguide/electrode axis, which will form nucleation points from which disclination lines originate. Examples of disclination dynamics is depicted in Fig. 7 . As can be seen from Fig. 7 , the disclination line progressively becomes narrower with increase in voltage. When V ~ 100V, it begins to disappear. Reducing the voltage at this point will not recreate the disclination. In fact, it is not until V~20V that the disclination reappears. As such, we believe that the threshold points displayed in the tuning curves in Fig. 4 reflect these distinct behaviours.
Unexpectedly, both TE and TM show reduced effective index for higher voltages. This cannot be explained by simple geometric arguments and will be the subject of future studies. Our initial suspicions were that the effective index for TE (n eff(TE) ) and TM (n eff(TM) ) would be the inverse of each other i.e. if n eff(TE) decreases then n eff(TM) should increase. This behaviour was also exhibited in a different sample architecture that is currently being investigated. Work in simulating the field distribution or equipotentials within the liquid crystal is also planned and we hope that this would shed some light into the observed anomaly. Recent results in thermal studies conducted on the device shown in Fig. 2 point to the conclusion that the Bragg shifts observed were not thermally driven and a comprehensive description of this experiment will be reported elsewhere.
CONCLUSION
We have demonstrated an electrically tunable first order Bragg grating via liquid crystal index modification with a maximum tunability of 141GHz at 1562nm (TM polarized) and 114GHZ at 1561.8nm (TE polarized) using electropatterned ITO-coated glass electrodes. The 141GHz tuning range effectively covers up to five 25GHz WDM channel spacing and work to expand this limit by optimising the strength of the gratings, reduction in modal loss, higher supply voltage, and further understanding of liquid crystal behaviour are planned.
We believe that the hysteretic behaviour of the tuning curves reflects the dynamics of the disclination line formed along the waveguide axis with increase or decrease in supply voltage. Further characterisation confirms that such behaviour was not thermally driven. One question that remains unanswered for the time being is the fact that both TE and TM polarised light display similar effective index behaviour. This could not be explained by simple geometric or field modal distribution considerations within the waveguide.
Future developments towards a cascaded architecture of such integrated liquid crystal devices operating at different Bragg wavelengths could pave the way towards true colourless add/drop modules for dynamic dense optical networks.
